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Fungal endophytes associated with leaves are ubiquitous across 
plants and influence the ecological trajectories of their hosts (U’Ren 
et al., 2019). Unlike pathogens, endophytes are primarily defined by 
their lack of visible symptoms associated with internal infection of 
plant tissues (Carroll, 1988; Wilson, 1995; Rodriguez et al., 2009). 
The presence of certain endophytes or the composition of endo-
phytic communities can have distinct outcomes for the health of 
their host. Some fungal endophytes have been shown to benefit 
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PREMISE: Interactions between fungal endophytes and their host plants present 
useful systems for identifying important factors affecting assembly of host-associated 
microbiomes. Here we investigated the role of secondary chemistry in mediating host 
affinity of asymptomatic foliar endophytic fungi using Psychotria spp. and Theobroma 
cacao (cacao) as hosts.
METHODS: First, we surveyed endophytic communities in Psychotria species in a natural 
common garden using culture-based methods. Then we compared differences in 
endophytic community composition with differences in foliar secondary chemistry in the 
same host species, determined by liquid chromatography–tandem mass spectrometry. 
Finally, we tested how inoculation with live and heat-killed endophytes affected the cacao 
chemical profile.
RESULTS: Despite sharing a common environment and source pool for endophyte spores, 
different Psychotria host species harbored strikingly different endophytic communities that 
reflected intrinsic differences in their leaf chemical profiles. In T. cacao, inoculation with 
live and heat-killed endophytes produced distinct cacao chemical profiles not found in 
uninoculated plants or pure fungal cultures, suggesting that endophytes, like pathogens, 
induce changes in secondary chemical profiles of their host plant.
CONCLUSIONS: Collectively our results suggest at least two potential processes: (1) 
Plant secondary chemistry influences assembly and composition of fungal endophytic 
communities, and (2) host colonization by endophytes subsequently induces changes in 
the host chemical landscape. We propose a series of testable predictions based on the 
possibility that reciprocal chemical interactions are a general property of plant–endophyte 
interactions.
  KEY WORDS   Community assembly; metabolomics; microbiome; Psychotria; species 
specificity; Theobroma cacao.
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host plants by facilitating nutrient acquisition (Hiruma et al., 2016; 
Christian et al., 2019) and promoting abiotic stress tolerance (Bae 
et al., 2009; Yamaji et al., 2016). Further, endophytic fungal commu-
nities have been shown to reduce pathogen and herbivore damage 
in a wide range of host plants (Arnold et al., 2003; Estrada et al., 
2013; Mejía et al., 2014; Cosme et al., 2016; Christian et al., 2017). 
For example, despite being closely related to pathogenic conge-
ners, Colletotrichum tropicale is a defensive endophyte common in 
Theobroma cacao (cacao tree) that can reduce pathogen damage in 
its host’s tissues (Arnold et al., 2003; Rojas et al., 2010; Mejía et al., 
2014; Christian et  al., 2017). On the other hand, endophytes can 
also be costly to plants, and some taxa or isolates have been shown 
to reduce photosynthetic rate (Mejía et al., 2014) and facilitate dis-
ease (Adame-Álvarez et al., 2014; Busby et al., 2016). Due to their 
taxonomic and functional diversity, as well as their tractability as 
experimental systems, fungal endophytes provide useful insights 
for understanding plant–fungal interactions and host-associated 
microbiomes in general (Christian et al., 2015).
In most host plant species, endophytic fungi are horizontally 
transmitted as spores, which represent a subset of an extremely di-
verse pool of potential colonizers in the environment. The diversity 
of potential colonizers is important both ecologically and evolu-
tionarily because different symbionts can have dramatically differ-
ent effects on any given host (e.g., mutualistic or pathogenic) (Herre 
et al., 1999). While many individual species that comprise and dom-
inate endophytic communities are generalists (Vincent et al., 2016; 
Wang et al., 2019), communities of endophytes often have some de-
gree of affinity to particular host species (Gange et al., 2007; Wearn 
et al., 2012; Vincent et al., 2016; Dastogeer et al., 2018; Wang et al., 
2019; but see Higgins et al., 2014). Degree of host affinity of endo-
phytic communities can be influenced by the relative abundance of 
generalists (Vincent et  al., 2016), or alternatively, the presence or 
absence of rare members of the microbiome (Vincent et al., 2016; 
Apigo and Oono, 2018). The assembly of the endophytic commu-
nity in a given host can subsequently have important outcomes for 
host health. For example, close proximity of cacao seedlings to leaf 
litter from healthy cacao adults promoted assembly of stereotyp-
ical cacao-specific endophytic communities. These host-specific 
communities were dominated by the well-known defensive endo-
phyte C. tropicale and suppressed pathogen damage in host tissues 
(Christian et al., 2017).
Nevertheless, many studies have demonstrated a large degree 
of unexplained variation in endophytic community composition 
(Eschen et  al., 2010; Christian et  al., 2016; Giauque and Hawkes, 
2016; Whitaker et al., 2018), so a major goal in the field is to iden-
tify what unexplored factors could be contributing to the distribu-
tion of fungal endophytes among hosts (U’Ren et al., 2019). These 
factors could be intrinsic to hosts (e.g., host chemistry, leaf traits: 
Van Bael et al., 2017), extrinsic to hosts (e.g., climate and geography: 
Zimmerman and Vitousek, 2012; U’Ren et  al., 2012); dispersal of 
spores: Christian et al., 2017), or simply stochastic variation in com-
munity assembly from a diverse source pool. To correctly identify 
host intrinsic factors, experiments are needed that compare endo-
phytic communities among host species that vary in their intrinsic 
characteristics in common gardens that control for local environ-
ment and spore source.
Chemical differences among hosts have been hypothesized as a 
potential mechanism underlying observed levels of host specificity 
and activity of endophytic communities (Arnold et al., 2003; Herre 
et  al., 2007). In tropical trees, within-species variation in plant 
secondary chemistry (including variation among young and old 
leaves [Brenes-Arguedas et al., 2006]) is usually small compared to 
among-species differences (Sedio et al., 2017). However, it is unclear 
which chemicals are produced by hosts or by endophytes (Soliman 
et al., 2013; Vallet et al., 2018) and which are inducible from inter-
actions between the two (Mejía et  al., 2008; Hartley et  al., 2015). 
These chemicals have the potential to exhibit a range of ecologi-
cally important effects, and while they could have either beneficial 
or detrimental effects on hosts, they are most often investigated in 
the context of mounting defensive responses. For example, partic-
ular endophytic species or communities can have direct antagonis-
tic effects on pathogens or can trigger plant defense reactions in 
ways that lead to a higher tolerance to pathogens (Zamioudis and 
Pieterse, 2012; Mejía et al., 2014; Hardoim et al., 2015; Hartley et al., 
2015; Fister et al., 2016). However, despite recent progress, the di-
versity of endophytic effects on host secondary chemistry beyond 
the induction of defensive pathways are still understudied and 
therefore poorly understood, despite the wide array of potential 
consequences endophytes can have for plant hosts. Manipulative 
experiments using tractable systems are needed to understand how 
endophytes induce changes in host secondary chemistry.
A major challenge in the areas of microbiome ecology and 
plant–fungal interactions is connecting processes and outcomes 
of community assembly to functional effects in the host (e.g., 
Christian et al., 2017). Here we combine results from three exper-
iments conducted first using a common garden of five chemically 
distinct species from the genus Psychotria (Rubiaceae), and then us-
ing Theobroma cacao (Malvaceae) to illustrate interactions between 
host chemistry and endophytic colonization. Psychotria is an abun-
dant, species-rich genus in tropical habitats for which extensive 
phylogenetic information has been collected (Sedio et  al., 2012). 
This genus further exhibits extreme chemical diversity (Sedio et al., 
2017). The diversity in secondary chemistry observed among spe-
cies reflects strikingly different patterns of host use by herbivores 
and other natural enemies and has been proposed as a mechanism 
promoting the coexistence of co-occurring plant species (Sedio 
et al., 2017). Individuals of different Psychotria species often grow 
within 1–2  m of each other. These naturally occurring “common 
gardens” provide the opportunity to separate the effects of abiotic 
and biotic characteristics of a site from intrinsic host plant effects 
on endophytic communities. On the other hand, cacao is a genet-
ically well-characterized crop plant (Argout et al., 2011) that pro-
vides great experimental tractability and serves as a model system 
for studying the details of the genetic and physiological effects of 
different endophytic fungi (Arnold et al., 2003; Mejía et al., 2014; 
Christian et al., 2019). Therefore, ecological and chemical studies of 
hosts and their associated endophytic communities can be analyzed 
in a detailed comparative framework. Together, Psychotria and T. 
cacao present complementary comparative and experimental ad-
vantages for generating and testing hypotheses concerning plant–
endophyte interactions.
First, we identify differences in endophytic community com-
position among Psychotria  species growing in a natural common 
garden. Then we show that these differences correspond to differ-
ences in host chemical profiles. These results are consistent with 
previous suggestions that host chemistry can influence which en-
dophyte species successfully colonize and proliferate across differ-
ent host species. Finally, using Theobroma cacao, we experimentally 
demonstrate that the presence of endophytes can also induce sub-
sequent changes in host secondary chemistry. By considering these 
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experiments in tandem, we are able to generate a series of testable 
predictions based on our hypothesis that reciprocal chemical inter-
actions are a general property of plant–endophyte interactions.
MATERIALS AND METHODS
Study system
All experiments took place in Panama, using five species from the 
genus Psychotria (Rubiaceae), and Theobroma cacao (Malvaceae). 
Plants in the genus Psychotria are small understory trees in tropi-
cal forests and one of the largest genera of flowering plants world-
wide, with approximately 1850 species (Taylor, 1996). This genus is 
very common and diverse in Panama; on Barro Colorado Island 
alone, there are 22 species and an estimated 10 million stems on the 
15.9 km2 island (Sedio et al., 2012). Theobroma cacao is an under-
story tree species native to the New World tropics and, as the source 
of chocolate, is an economically important fruit tree crop (Argout 
et al., 2011).
Experiment 1: Species-specificity of Psychotria leaf endophytes
One mature leaf of P. gracilenta, P. capitata, P. acuminata, and 
P. marginata was obtained from each of six host individuals grow-
ing in a plot in Gamboa, Panama in March 2018. All sampled indi-
viduals in the plot occurred within 5 m of a central point. Although 
this was a natural common garden (i.e., species were not planted in 
an array), species were homogeneously spatially distributed within 
the plot, and individuals were separated by an average of 1–2  m. 
Selection of leaves was standardized for age based on leaf thickness 
and color. Leaf area was measured, and then leaves were rinsed with 
tap water and cut into 2 × 2 mm tissue fragments. Tissue fragments 
from the center of the leaf were selected (Cannon and Simmons, 
2002), and surface-sterilized as follows to remove any microbial 
colonizers attached to the leaf surface: tissue fragments were sub-
merged and agitated in 70% v/v ethanol for 3  min, 0.525% v/v 
sodium hypochlorite for 2  min, and then sterile water for 1  min. 
Sixteen pieces from each leaf were plated on 2% w/v potato dex-
trose agar (PDA) and left to grow. Plates were checked daily, and 
hyphae emerging from eight randomly predetermined pieces for 
each leaf were subcultured onto individual plates. If multiple fungi 
were emerging from one tissue fragment, both were subcultured 
onto individual plates.
Pure isolates were identified using morphological characteristics 
by an expert fungal taxonomist/systematist (E. I. Rojas), and iso-
late morphotype was cross-checked with reference isolates previ-
ously sequenced using the ITS barcode from our group’s previous 
projects to assign taxa. Reference cultures of all morphotypes, in-
cluding those for which no taxon could be assigned, are maintained 
as vouchers in sterile water at the Smithsonian Tropical Research 
Institute in Panama. All analyses were performed using R v. 3.5.2 (R 
Core Team, 2014). To test the effect of host species on fungal commu-
nity composition, permutational multivariate analysis of variance 
using distance matrices was used with the Bray–Curtis dissimilarity 
index (PERMANOVA) (vegan package, function adonis). Pairwise 
comparisons of Bray–Curtis dissimilarity percentages among host 
species based on the contribution of each morphospecies to average 
between-group dissimilarity were also calculated (Vegan package, 
function simper). The effect of host species and leaf area on the 
Shannon diversity index and richness (number of morphospecies 
per host) was determined using ANOVA (i.e., Shannon Diversity 
Index ~ Host Species + Leaf Area; Richness ~ Host Species + 
Leaf Area).
Experiment 2: Metabolomic differences among Psychotria spp.
We examined metabolomic differences among the four species of 
Psychotria used in Experiment 1 (P. gracilenta, P. capitata, P. acum-
inata, and P. marginata) and a fifth species of Psychotria, P. hori-
zontalis. Psychotria leaf tissues were analyzed using a Bruker maXis 
Impact quadrupole-time-of-flight mass spectrometer (Bruker 
Daltonics, Billerica, Massachusetts, USA); otherwise methods were 
identical to those described by Sedio et  al. (2017, 2018a, 2018b) 
and also applied to Theobroma cacao and Colletotrichum (below). 
Briefly, three individuals of each focal species of Psychotria were 
sampled on Barro Colorado Island, Panama, between June and 
October 2010. Sampled leaves were between 50% and 90% fully 
expanded, but not yet lignified. Fresh leaf tissue was flash-frozen 
in liquid nitrogen and stored at −80°C. Samples were extracted us-
ing a 90:10 methanol–water (pH 5) solvent, which is appropriate 
for small organic molecules ranging widely in polarity; the mild 
acidity aids in the extraction of alkaloids. Extracts were analyzed 
using high-performance liquid chromatography–electrospray ion-
ization–tandem mass spectrometry (UHPLC-ESI-MS/MS; Sedio 
et al., 2017, 2018a). Each extract was analyzed twice, and the mean 
ion abundance for each compound was calculated to represent each 
individual tree.
In contrast with the data analysis methods described by Sedio 
et  al. (2017, 2018a, 2018b), we used feature-based molecular net-
working to take advantage of a broader range of LC and MS vari-
ables to group spectra into features that reflect unique molecular 
structures based on LC retention time, parent mass (MS1), and 
fragmentation patterns (MS2) using MZmine 2 (Pluskal et  al., 
2010). We generated molecular networks that quantify the struc-
tural similarity of compounds using the Global Natural Products 
Social (GNPS) Molecular Networking platform (Wang et al., 2016). 
The GNPS method calculates the structural similarity of every pair 
of molecules as the cosine of the angle between the vectors that rep-
resent their MS2 spectra and typically employs a lower threshold 
of cos = 0.7 for a pair of compounds to retain a link in the result-
ing network. For every pair of samples, we calculated the chemical 
structural-compositional similarity (CSCS) metric of (Sedio et al., 
2017), which quantifies the structural similarity of compounds in 
two samples, weighted by their abundance. Commonly used similar-
ity indices, such as Bray–Curtis, account for shared compounds, but 
ignore the structural similarity of compounds that are not shared 
between samples. For illustration, consider that compounds x and 
y are structurally similar. Species A contains compound x but not y, 
and species B contains y but not x. In this example, compounds x 
and y contribute zero to Bray–Curtis similarity, but make a positive 
contribution to CSCS because they are structurally similar.
Finally, to visualize intra-and interspecific chemical variation, 
we plotted all 15 individuals representing five species in two dimen-
sions using non-metric multidimensional scaling (NMDS) and the 
MASS package in R. Although it does not account for structurally 
similar compounds, we used PERMANOVA with the Bray–Curtis 
dissimilarity index (vegan package, function adonis) on the raw 
chemical data as an additional test of whether conspecific individu-
als were more chemically similar than heterospecifics.
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Experiment 3: Response of the cacao metabolome to 
endophytic fungi
Theobroma cacao seeds were collected in commercial plantations 
in Bocas del Toro Province, Panama. Seeds were surface-sterilized 
in 0.525% v/v sodium hypochlorite for 3  min and rinsed twice 
with sterile water (Arnold et al., 2003; Mejía et al., 2014). Seeds 
were planted in trays containing a 2:1 sterile mixture of clay-rich 
soil from Barro Colorado Island and river sand from the Chagres 
River, both in Panama. One-month-old cacao plants were trans-
planted into individual pots containing 600 mL of this same sub-
strate and watered without wetting aerial tissues so as to avoid 
fungal colonization (Mejía et  al., 2014). Seed germination and 
seedling growth took place in Percival growth chambers (Percival 
Scientific, Perry, Iowa, USA) at 70% humidity, 12 h light at 27°C 
/12 h dark at 25°C.
The beneficial endophyte Colletotrichum tropicale that had 
been isolated previously from T. cacao was cultured on 2% 
w/v malt extract agar (MEA). After 10 d, 10  mL of sterile wa-
ter was added to the culture, which was then scraped to suspend 
hyphae and spores and poured into sterile liquid medium con-
taining 500 mL of 1.5% molasses yeast broth (Mejía et al., 2008). 
The liquid culture was shaken at 125  rpm at room temperature 
for 7 d to produce mycelia and another 7 d to facilitate sporu-
lation. Colletotrichum tropicale spores were filtered to separate 
them from mycelia, concentrated, and resuspended in sterile wa-
ter with 0.01% v/v Tween 20. For inoculation experiments, the 
spore suspension was adjusted to approximately 2 × 106 spores/
mL (Mejía et al., 2008).
A spray bottle was used to treat cacao plants with a suspen-
sion of viable C. tropicale spores (N = 4) or nonviable C. tropicale 
spores (N = 4). The suspension of nonviable spores was created by 
heat-shocking the suspension in an autoclave at 121°C and 15 psi 
for 15 min. Nonviable spores were plated on 2% MEA to verify non-
viability. An additional nine plants that were not inoculated with 
spores or with the sterile water and Tween medium were used as 
a control group. All plants were placed in the forest in Gamboa, 
Panama for 72 h, covered with a suspended plastic tarp to protect 
them from rain. Two leaves were then collected from each plant, 
rinsed in tap water, and cut into 32 2 × 2 mm pieces, before they 
were surface-sterilized as described above (see Experiment 1). 
Sixteen tissue fragments from each leaf were plated on 2% MEA. 
Emerging hyphae were subcultured onto fresh plates, and pure cul-
tures were identified by E. I. Rojas. A mixed effects model was used 
to test how treatment group affected percentage colonization by 
fungi per leaf, with plant included as a random effect.
Secondary chemistry of leaves from the same cacao plants used 
for endophyte isolation and the C. tropicale fungal culture used to 
inoculate them were analyzed using the methods described by Sedio 
et  al. (2017, 2018a, 2018b). Briefly, samples were extracted using a 
90:10 methanol–water (pH 5) solvent as previously described for the 
Psychotria samples. Extracts were analyzed using UHPLC-ESI-MS/
MS (Sedio et  al., 2017, 2018a). Note that in contrast to Psychotria 
(above), T. cacao and C. tropicale were analyzed using a Bruker mi-
crOTOF-Q III quadrupole-time-of-flight mass spectrometer (Bruker 
Daltonics). Spectra were grouped into features that reflect unique mo-
lecular structures as described above (Experiment 2). Structures were 
predicted using SIRIUS (Böcker et al., 2009), and molecular networks 
that quantify the structural similarity of compounds were gener-
ated using the Global Natural Products Social (GNPS) Molecular 
Networking platform (Wang et al., 2016). The CSCS metric was calcu-
lated for every pair of samples. Finally, we used a permutation test to 
evaluate the significance of differences between within-treatment me-
tabolomic similarity and between-treatment metabolomic similarity, 
following the method of Sedio et al. (2017). If the observed difference 
was > 95% of the distribution of all possible differences, the treatment 
effect was significant.
RESULTS
Experiment 1: Species-specificity of Psychotria leaf endophytes
Forty-three fungal morphospecies were generated from 200 iso-
lates (Appendix S1). The number of morphospecies per leaf sample 
ranged from 2 to 10, with an average of 5.3 morphospecies per leaf 
sample. The two most common fungal genera were Colletotrichum 
and Xylaria. Endophytic community structure was strongly af-
fected by host species (F3, 18 = 3.6178, R2 = 0.37616, P = 0.001) 
(Fig.  1). Average between-group Bray–Curtis dissimilarity was 
the highest between P. gracilenta and P. capitata (86.0% dissimi-
lar) and the lowest between P. gracilenta and P. acuminata (60.5% 
dissimilar) (Appendix S2). Host species did not have a significant 
effect on Shannon diversity (F3, 17 = 0.9312, P = 0.4470) or richness 
(F3,17 = 0.3960, P = 0.7576) of fungal communities (Appendix S2), 
nor did leaf area (diversity: F1, 17 = 0.2064, P = 0.6553; richness: 
F1, 17 = 0.0112, P = 0.9170).
Experiment 2: Metabolomic differences among Psychotria spp.
A total of 1401 structurally unique metabolites were detected by 
LC-MS/MS, ranging in mass from 131.1071 to 1521.043 Daltons 
(Da). The five species of Psychotria (P. horizontalis and the four 
species used in Experiment 1) varied in their secondary metabolite 
FIGURE 1. Endophytic community composition differed among four 
species of Psychotria in Experiment 1 (PERMANOVA using the Bray–
Curtis dissimilarity index: F
3, 18
 = 3.6178, R2 = 0.37616, P = 0.001). Shaded 
circles represent 95% confidence intervals.
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composition (Fig. 2A; Appendix S3), whereas conspecific individu-
als were chemically similar to one another (Fig. 2B; PERMANOVA 
F1, 4 = 10.41, P = 0.001).
Experiment 3: Response of the cacao metabolome to 
endophytic fungi
A total of 1763 structurally unique compounds were detected 
by LC-MS/MS, ranging in mass from 135.119 to 1471.404  Da. 
Molecular formulas were predicted for a total of 1410 compounds 
using SIRIUS (Böcker et al., 2009).
Inoculation of T. cacao leaves with C. tropicale spores re-
sulted in a measurable effect on the metabolome of the leaf 
whether the inoculum consisted of viable or heat-killed, non-
viable spores. Uninoculated T. cacao differed significantly from 
those inoculated with C. tropicale (Table 1, Fig. 3A) and from 
those inoculated with heat-killed, nonviable C. tropicale spores 
(Table 1, Fig. 3B). Theobroma cacao leaves inoculated with live 
C. tropicale spores showed little difference from T. cacao leaves 
inoculated with heat-killed, nonviable spores (Table 1, Fig. 3C). 
In contrast, leaves of T. cacao inoculated with viable C. trop-
icale spores differed significantly from the inoculum itself, 
FIGURE 2. Chemical composition and similarity indicate interspecific chemical variation among the five species of Psychotria used in Experiment 2. 
(A) A molecular network indicates the structural similarity of 1401 unique compounds detected in five species of Psychotria linked by a cosine similar-
ity score of ≥0.7. Nodes represent compounds with unique molecular structures, as inferred by mass, fragmentation pattern, and liquid chromatog-
raphy retention time; links between nodes indicate molecular structural similarity between compounds. Larger networks represent clusters of many 
structurally similar compounds. Pie charts indicate the relative abundance of each compound in the five species. (B) Nonmetric multidimensional 
scaling axes reflect the chemical similarity of three individuals of each of five Psychotria species from Barro Colorado Island, Panama (PERMANOVA 
F = 10.41, P = 0.001).
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TABLE 1. The effect of inoculation treatment on chemical structural compositional similarity (CSCS) in Theobroma cacao (Experiment 3). A permutation test was used 
to evaluate the null hypothesis that similarity was equal within versus between treatment categories. All treatments refer to young leaves of T. cacao with the exception 
of the Colletotrichum tropicale liquid spore culture. Treatments were endophyte-free leaves, leaves inoculated with C. tropicale spores, leaves inoculated with nonviable, 
heat-killed C. tropicale spores, and C. tropicale grown in liquid culture.
Comparison
CSCS within
treatment
CSCS between
treatments
Difference 
in CSCS P
Endophyte-free vs. Live C. tropicale inoculation 0.937 0.857 0.080 0.043
Endophyte-free vs. Heat-killed C. tropicale inoculation 0.935 0.867 0.067 0.029
Live C. tropicale inoculation vs. Heat-killed C. tropicale inoculation 0.924 0.922 0.002 0.429
Live C. tropicale inoculation vs. C. tropicale liquid culture 0.875 0.500 0.375 0.029
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FIGURE 3. Inoculation treatment significantly affected relative abundance of chemical compounds in Theobroma cacao in Experiment 3. Included in 
the molecular networks are 1763 compounds in clusters of ≥3 compounds linked by a cosine similarity score of ≥ 0.7. Nodes represent compounds 
with unique molecular structures, as inferred by mass, fragmentation pattern, and liquid chromatography retention time; links between nodes in-
dicate molecular structural similarity between compounds. (A) Comparison between endophyte-free T. cacao leaves and those inoculated with the 
endophyte Colletototrichum tropicale. (B) Comparison between endophyte-free T. cacao leaves and those inoculated with heat-killed, nonviable 
C. tropicale spores. (C) Comparison between T. cacao leaves inoculated with live C. tropicale spores and those inoculated with heat-killed, nonviable 
C. tropicale spores. (D) Comparison between T. cacao leaves inoculated with live C. tropicale spores and C. tropicale growing in liquid culture. The molec-
ular formulas of selected compounds that appear to be induced in T. cacao leaves inoculated with heat-killed, nonviable C. tropicale spores are shown 
in panel B. These results suggest that the primary effect of endophyte inoculation is to induce the expression of secondary metabolites endogenous 
to the T. cacao host plant.
T. cacao leaves inoculated with live C. tropicale
Endophyte-free T. cacao leaves
A
T. cacao leaves inoculated with live C. tropicale
T. cacao leaves inoculated with heat-killed C. tropicale
C D
B
T. cacao leaves inoculated with live C. tropicale
C. tropicale in liquid culture
T. cacao leaves inoculated with heat-killed C. tropicale
Endophyte-free T. cacao leaves
C43H65NO7C17H41N5O
C33H62O10
C35H59N3O3 C28H46N4O3
C21H42N6O4
C30H57NO9
C20H36N4O5
C26H44N2O
C28H55N5O4
C41H57N7O
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C. tropicale grown in liquid culture in isolation from its host 
plant (Table 1, Fig. 3D).
After 72  h of exposure to natural fungal spore sources in the 
field, T. cacao individuals inoculated with viable C. tropicale spores 
were still colonized exclusively by C. tropicale, which was reiso-
lated from 59.4% of sampled plant tissue. No other fungi were iso-
lated from these plants. Plants that were treated with heat-killed C. 
tropicale and control plants had more types of fungi isolated from 
their tissues (5 and 7 morphospecies, respectively). However, over-
all isolation rate was much lower in these two treatment groups 
(χ2 = 14.254, df  =  2, P < 0.001), with 6.3% colonization of plants 
treated with heat-killed C. tropicale spores before field exposure and 
16.3% colonization of uninoculated control plants (Fig. 4).
DISCUSSION
Overall, our results suggest that host plants and components of 
their aboveground microbial communities potentially exert effects 
on one another, mediated by host secondary chemistry. First, across 
four sympatric Psychotria species we observed striking differences 
between the dominant members of their leaf endophytic communi-
ties, suggesting strong differential host affinity. Second, we showed 
that the composition of leaf endophytic communities in Psychotria 
corresponds with differences among them in host secondary chem-
istry, supporting suggestions from previous studies that host sec-
ondary chemistry can at least partially explain differential host 
affinity of endophytic fungi (Arnold et  al., 2003). Finally, using 
experimental inoculations with live and heat-killed endophytes in 
T. cacao, we demonstrated the presence of endophytic spores affects 
some components of host secondary chemistry. Taken together, we 
hypothesize that reciprocal interactions or feedbacks occur between 
fungal endophytes and the hosts that they colonize, via secondary 
chemistry expressed in host tissues. Specifically, we hypothesize 
that (1) host chemistry affects the endophytes that colonize and/or 
proliferate in host tissues, and (2) colonization by these fungi then 
alters the chemistry of their host, potentially in ways that promote 
both fungal and host fitness.
We observed clear differential host affinity of endophytic com-
munities, with roughly 38% of variance in endophytic community 
composition explained by host identity in Experiment 1. We also 
found that differential host affinity corresponded with differences 
in chemical profiles among these hosts. We speculate that specific 
compounds that account for these striking differences in chemical 
profiles differentially promote or inhibit different individual endo-
phytic fungal species that constitute these communities (Arnold 
et  al., 2003). Although within the genus Psychotria, P. gracilenta, 
P. capitata, and P. acuminata are closely related to one another 
(Sedio et al., 2012), they are chemically distinct and this is reflected 
in the differences between their associated endophytic communi-
ties (Figs.  1,2). While some studies have found evidence for spe-
cies specificity of fungal endophytic communities in plant leaves 
(Wearn et al., 2012; Del Olmo-Ruiz and Arnold, 2017), others have 
not (Higgins et al., 2014). Our results suggest that evidence of host 
specificity in endophytic communities in some studies (but not oth-
ers) could be due in part to the magnitude of differences in hosts’ 
chemistry that differentially promotes dominant members of the 
fungal microbiome (Arnold et al., 2003).
In addition to the evidence that host secondary chemistry can 
potentially influence endophytic community composition, we also 
found evidence that endophytes can affect the chemical profiles of 
their hosts. We found that secondary chemical profiles of T. cacao 
leaves inoculated with both viable and heat-killed, nonviable C. 
tropicale were very similar and consistently and significantly dif-
fered from those of C. tropicale grown in liquid culture and those 
of untreated leaves (Fig.  3). Given that the live spore culture did 
not produce the chemicals that differentiated treated and untreated 
plants, we interpret this observation as indicating that plants pro-
duce a stereotypic set of chemicals as a response to C. tropicale, 
whether or not the endophyte is viable. Colonization by the live 
endophytic inoculum is more representative of how plants would 
encounter endophytes in nature. However, the heat-killed treat-
ment lends insight into the mechanism by which plants respond 
to endophyte presence, which is likely host recognition of distinc-
tive proteins on C. tropicale cell wall surfaces or components of the 
spore wall that are released with either heat-killing or germination. 
However, detailed tests are required to determine whether endo-
phyte chemical production differs when in isolation versus when 
it is in the host plant, and the degree to which endophyte-derived 
compounds contribute to the overall secondary chemical profile of 
hosts. Additionally, experimental evidence is needed to exclude the 
possibility that similar metabolomic responses in the live and heat-
killed C. tropicale treatments were simply due to exposure to the 
inoculum medium (sterile water and 0.01% Tween 20) without any 
endophyte present. Ultimately, it appears that host secondary chem-
istry results from both host-produced and endophyte-induced or 
endophyte-produced compounds. These results are consistent 
with previous research showing that both beneficial (Zamioudis 
FIGURE 4. Isolation frequency of endophytic fungi from Theobroma ca-
cao differed among inoculation treatments in Experiment 3. More fungi 
were isolated from plants inoculated with live Colletotorichum tropicale 
spores than plants inoculated with heat-killed spores or control plants 
(χ2 = 14.254, df = 2, P < 0.001). All fungi reisolated from plants previously 
inoculated with live C. tropicale spores were identified as C. tropicale, 
whereas more diverse assemblages were isolated from the other two 
treatment groups. Boxes show first and third quartiles with the median 
as a heavy line, the mean as a diamond, and whiskers extend to 1.5 times 
the interquartile range.
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and Pieterse, 2012; Hartley et al., 2015) and pathogenic colonizers 
(Zamioudis and Pieterse, 2012) can alter expression of plant defen-
sive chemistry.
There were strong differences in the endophytes that were 
recovered from the inoculated cacao plants after 72  h of spore 
exposure in the field. Plants that were previously inoculated with 
live C. tropicale spores were unsurprisingly dominated by C. trop-
icale (~60% of tissue colonized, with 100% of those isolates iden-
tified as C. tropicale). In sharp contrast, control plants that were 
not inoculated with endophytic fungi had a lower isolation rate 
(16.3%) than the plants that were inundated with live C. tropicale 
spores (Fig.  4), and the diversity of reisolated fungi was much 
higher. Interestingly, plants that were treated with heat-killed C. 
tropicale spores had very low colonization by fungi (6.3%) even 
after 3 d of field exposure (Fig. 4). With more exposure time in 
the field, plants from all three treatment groups would undoubt-
edly be colonized by more endophytic fungi. Nevertheless, our re-
sults suggest that early exposure to C. tropicale, whether or not it 
is viable, inhibits other fungi from subsequently colonizing plant 
tissue over short time scales. The likely mechanism is modifica-
tion of plant chemistry and/or activation of host defensive path-
ways (e.g., upregulation of lignin and cellulose deposition) (Mejía 
et al., 2014). This result is consistent with previous work showing 
that exposure of endophyte-free cacao seedlings to leaf litter de-
rived from healthy cacao adults enriched the cacao microbiome 
with C. tropicale (Christian et al., 2017). Those plants with more 
C. tropicale were then not only more resistant to pathogens, but 
also experienced an overall decrease in the abundance and diver-
sity of other nonpathogenic fungal colonizers.
The upregulation of host defenses in response to heat-killed 
propagules is analogous to vaccinations in humans and other an-
imals and has clear implications for disease and pest management. 
For example, treatment of T. cacao or other crop plants with non-
viable spores of natural endophytes may induce the production of 
endogenous chemical defenses. Importantly, host defenses against 
pathogens that are mediated by endophytes could be enhanced 
without the metabolic costs associated with sustaining a stand-
ing microbial community (Mejía et  al., 2014), the logistical diffi-
culty of maintaining an engineered microbial community in nature 
(Busby et al., 2017), or the risk that a beneficial endophyte in one 
crop species might be a serious pathogen in another.
Together, the Psychotria and T. cacao systems offer a num-
ber of strengths and are useful systems for future work under-
standing host–microbe interactions. The Psychotria system offers 
a chemically and phylogenetically diverse group of organisms 
that often co-occur in nature (Sedio et  al., 2012). Additionally, 
Psychotria can be propagated clonally, which will lend itself to 
experimental manipulation of endophytic communities against 
tightly controlled host genetic backgrounds. On the other hand, 
T. cacao provides an extremely tractable system for studying 
the physiological and genetic effects of a variety of endophytes 
and pathogens on hosts (Arnold et  al., 2003; Herre et  al., 2007; 
Rojas et  al., 2010; Mejía et  al., 2014) with genetic and genomic 
tools, including a sequenced genome (Argout et al., 2011). It has 
a well-characterized dominant endophyte (C. tropicale) that has 
clear, documented physiological and ecological effects on its 
host (Arnold et al., 2003; Mejía et al., 2014; Christian et al., 2017, 
2019). We also have a growing understanding of how entire en-
dophytic communities assemble in T. cacao, both as a function of 
spore source (Christian et al., 2017) and within-host interactions 
(Mejía et al., 2008).
CONCLUSIONS
By controlling for extrinsic environmental conditions, we found 
that closely related species of Psychotria that differ chemically 
also harbor different endophytic communities.  This is consis-
tent with previous suggestions that intrinsic factors, such as host 
chemistry, may play a role in structuring endophytic commu-
nities (Arnold et  al., 2003), but also raises the question of how 
plastic host intrinsic characteristics are. In the experimentally 
tractable T. cacao system, we found that endophytic coloniza-
tion can strongly influence expressed host chemistry. Combining 
these experiments, we hypothesize a feedback between plants and 
their fungal colonizers, in which host chemistry affects relative 
success of some endophytes within a community, and the coloni-
zation by endophytes also reciprocally affects the chemistry of its 
host in ways that are ultimately beneficial for both host and endo-
phyte. Future research should explicitly test for a positive chemi-
cal feedback between different species of healthy host plants and 
the dominant members of their microbiota, in which endophytic 
colonization changes host chemistry in ways that both benefit 
the host and give the endophyte a competitive advantage against 
other colonizers.
Of course, synthesizing across multiple systems and exper-
iments to understand host–endophyte interactions leaves us 
with many unanswered questions. Outstanding questions that 
will advance our understanding of these complex interactions 
include:
• To what extent are chemical differences among host plants at-
tributable to the host or driven by microbial colonizers?
• What are the mechanisms or filters by which hosts influence 
which microbes colonize their tissues and which ones proliferate?
• To what extent does intrinsic host chemistry drive assembly 
of host-specific and/or relatively more beneficial endophytic 
communities?
• Do endophytes manipulate host chemistry in ways that bene-
fit themselves and inhibit competitors (i.e., other endophytes as 
well as pathogens)?
• To what extent does spatial or temporal variation in host 
chemistry correlate with variation in endophytic community 
composition?
Future studies using in vivo inoculations of endophytic fungi 
into plant tissues will be informative in answering these questions. 
Particularly important will be studies focusing on young leaves, 
which are the most susceptible to colonization by endophytes, as 
well as to attack by pathogens (Coley and Kursar, 1996). Previous 
work has suggested that many chemical traits in young leaves are 
the result of selection by pathogens (Coley and Kursar, 1996), but 
our work suggests the potential caveat that chemicals previously 
interpreted as direct pathogen inhibitors may also be indirectly 
benefitting hosts by promoting certain beneficial endophytes. In 
vitro experiments will also be useful moving forward. For example, 
researchers could infuse agar plates with the dominant chemicals 
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identified from different host species to specifically test the hypoth-
esis that those chemicals effectively promote growth of the dom-
inant endophytes isolated from those same plants and inhibit the 
growth of rare species. Endophytic fungi are not only taxonomically 
and functionally diverse but also tractable and easy to manipulate. 
As we move forward, they will continue to provide a useful model 
system for understanding more general host–microbe interactions, 
especially as interdisciplinary teams combine fields such as commu-
nity ecology, biochemistry, and plant pathology.
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